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ABSTRACT 


This report is concerned with the devel- 
opment of a submininture SONAR vre-amplifier 
operating in the 1-20 KC frequency band. The 
primary reculrement 1s very low circuit noise 
and major effort is directed to this subject. 
Several tyves of input circuits ore investisated. 
An imorovement in noise level of 7.5 db over the 
existing pre-amplifier is attained, tosether with 
a 90% reduction in size. 

A systematic design procedure to aid in 
future investissations of this tyne is developed. 
The first amolifier stage and the inout transfor-~ 
mer together determine the ultimate level of cir- 
cuit noise. Significant imorovement over present 
levels will involve basic rescarch into the noise 
characteristics of transformers. 
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CHAFYER I_- Li TRODUGTION , 


One of the most serious electronic circuit noise problems 
existin® todey is in the field of listenin:; Sonar employed by 
tne U.S. Navy. At oresent the detection range of this eauip- 
ment,in many cases, is limited by inhemens Circiwdst noise. The 
implications of this restriction, in terms of combat effective- 
ness, are obvious. 

Because Sonor is svecialized as to apnlication and fre- 
quency range, almost all of the many recent significant develop- 
ments have ween nroduced by scientists and engineers of the 
Navy end those in science and industry associated with them, 
Consequently, only a portion of the vast store of recent know- 
ledge of low-noise circuitry resultin; from work in hisher 
frejuency anvlications, such as radar and television, is appli- 
cable to Sonar. 

One of the consecuences of continued improvement of per- 
formence of electronic eciuivnent is often a very considerable 
increase in complexity and sive. This is very true in the 
case of listenins Soner, and to an extent that the installation 
of this equivment on the alrecdy crowded shivs of the Navy 
nresents a vractical oroblem of real ma:znitude. No matter how 
well a Sonar performs, its velue is limited by the restrictions 
its installation mey ol“ce on other characteristics of the 
vessel. 

In recognition of the desi:yn concept of the "Shiv as a whole," 
the authors have undertcl!sen this study with the dual pvurvose of 
reducin:; the circult noise level of an existing Sonar eauipment, 
and at the seme time, effectin:; 2 significant decrease in its: 


mhysical size. 








burposeof the Investigation 


The purposes of this investigation are two: 

(1) To develop a SONAR pre-amplifier suitable for 
Ssubminiature construction with improved low noise 
characteristics, and 

(2) To develop a systematic anproach to the general 
problem of design of SONAR pre-amolifiers, in the hove 
that it may be of assistance to future investiszators 
in this svecialized field. 

The Imvoortance of Low Circuit Noise 

Inherent noise in an electronic circuit represents 
a limit on the performance of the circuit. In devices 
which normally overate with low-level invnut signals 
such as radio, radar, and sonar, this limitetion can 
be expressed in terms of reduced detection range. 
Reduction of inherent nolse, 1.e., noise generated 
within the circuit itself, is tnerefore one means of 
jinecreasins this ranse. 

Other ways of increesin,; range are to increase 
the transmitted vower or to change the carrier frequency. 
In the case of "listening" SOUAn eauinpment, which is 
our concern here, nelther of these means is available. 
This fact places additional emnhzsis on the requirement 
of Low circuit noise for tue ore-amolifier unit of a 
listening SONAR: 

Compared to the whole broad field of electronics, 
SsOrAR Js specialized and of limited technical interest 
to the majority of wor«ers. Its real value, of course, 
lies in its imoortarnce to our national defense. Another 
factor which somewhat isolates it from the main body of 
technical effort is ite frecuency ranze. The listening 
SONAR which is the subject of this investigation covers 
the rane from one KC. to twenty KC. Althou.h this renge 
oceunies uel of the aindio frequency vand, most audio 
Spplleations do not surfer the srire severe restrzetions 
as to cirenit noise. In recent years, the wide use of 





carrier transmission in our lon, distance telenhone 
circuits has left the field of listening SOKAR even 
more alone as an audio-freqauency, low-noise avvlication. 
Zero Sea State Noise 

The ultimate lower limit to the detection ability 
of listening SONAR is a quantity called "Zero sea state 
noise". (22) As the term implies, this is the noise level 
inherent in the sea itself, when the sea is in its 
quietest state. This noise falls off rapidly with 
frequency, attaining a very low level at 20 KG. (See 
curveton pase 356.) In order to attain this ultimate 
level of detection, the inherent noise of the pre- 
amplifier must everywhere be less than zero sea state 
noise referred through the transducer. 
The Advantage of Miniaturization 

In addition to the scientific asvects of this 
oroblem, a very real need exists for reducing the weight 
and space occuvied by electronics ecuinment on Naval 
vessels. Listenins SONAR sets are varticular offenders 
in this rescect, in thet several dozen identical pre- 
amolifier units are required, eacn connecting a line 
hydrophone to the compensatins switch. Successful 
miniaturization of the pre-amplifier unit, without 
sacrifice of low-noise characteristics, would therefore 
be a fruitful means of savin, a substantial amount in 
weight and space aboard eech vessel. 
A. Systematic Anproach 

From the inception of this work, the authors 
have attemoted to note and record anything which might 
assist in the future development of equipment of this 
type, and in particular have searched for relationshi»s 
between conflictins requirements which misht be useful 
a5 culiding vrincivles. _ 

In view of the facts that design reculrements 
tor listening SoOrAR ore esseutially different from many 
erner electronic -roblens, avd, oso thet these recuire- 


mets may be expectec to chai -e somewnet with eech new 





desicn, wome of the gorincisiies Ayelided in this regort 


may at least gave time by helwinz to avoid recourse to 
~ 


cut-and-try methods. 








GENERAL PROCEDURE 


The function of a SONAR pre-amplifier is to 
accept a low-level signal at its inout, amplify the 
Sicnal to a more usable level, and voass it on to the 
next component of the equivment. Of ell the various 
recuirements the pre-amplifiler is to meet, the most 
imoortant, oy for, is that of low inherent noise. 
Accordingly, the major emphasis in this work was given 
to the attainment of minimum circuit noise. 

In a multi-stage amolifier circuit, usually 
the only circuit noise of importance is that generated 
in the first stege of amplification and any vart of the 
circuit which precedes that stage. This noise and the 
incoming signal voltage are both amplified by the full 
gain of the amolifier, and so appear at the output 
with the same relative magnitudes they had et the input. 
Noise generated in succeeding stages is amplified only 
by those stages and so is relatively much less at the 
cutout than the noise voltazes at the input. This fact 
focuses major attention on the input circuit design. 

In view of the fyndanentels discussed above, and 
considering the additional requirement of miniaturization, 
the orocedure which guided this investigation was as 
follows: 

l. Selection of a low-noise tube for the first 

stage of amplification. This was besed on noise 

tests of various tyves of sub-miniature tubes. 

2. Design and tests of various circuit configur- 

ations for the first stage, using the selected 

low-noise tube. 

3. Selection of a suitable input transformer. 

This was necessitated by the fact that the best 

obtainable noise level for the first tube stage 

was not sufficiently low. 

4. Consideration of other recuirerents - Steps 

1, 2, and 3 above were concerned entirely with 

low noise. Other recuirenents of less immediate 

interest to this investi:.iation are frequency 











CHAPTER LI - BASIC THEORY Oc seahCuUmeienSE 


The sature of oise 
Inherent noise, as commonly acplicd to amvlifier 
circuits, is defined as an unwented or sourious signal 
voltage generated within the amplifier itself. It is 
random in nature. This investization 4s concerned with 
the level of mean square averase noise voltage, in 
particular its magnitude, its sources, and the reduction 
of its affects on circuit performance. 
Noise Sources 
Inherent noise, of importance in the audio 
frequency range, 1s nroduced in severel ways: 
A.) Thermal Asitation Noise (13)? The random 
motion of free elections in a couductor develops 
small voltages across the conductor in accordance 
with the followings equation: 


—_ 8 : 
@ = Art fi2 Rar (Ean. 1) 
n fT 
8 
where ¢ = mean. snuared value of the noise voltage 
n 
k = Boltzmann '‘S>Ponstant 
= 1.374 X 10 joules cer desree Kelvin 
T = Absolute temverature in °K 
R= Real nart of the immedance seen at the 
terminals 
$ = Frequency 


Gl) 


arises from the fluctuation of contact resistance 


B.) Granulor Kesistarce Noise This noise 
between adjacent sranules of a carbon resistor 
carryin’:; direct current. The resultant noise 
volteze is much “reater than thermal agitation 
noise, thus malin’; carbon resistors unsatisfactory 
for use in low-noise circuits unless they are 
by-passed by a suitable cavacitor. 


tae 
This netetion, ( ), references items in the 
Pe eer lay « ; 





Cm, 
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Vacuum Tube lioise - There are many sources 
noise in a vacuum tube, but the ones of major 


importance in the audio Treaquency raese ere as 


follows: 


1. Shot noise - This is due to a fluctuation 
of vlate current caused by random emission of 
electrons from the cathode. An indirectly 


heated cathode is preferable. 


2e Keduced shot effect noise - This is a 
consider-ably lower value of shot noise caused by 
the smoothing effect of the space charge on the 
fluctuations of vlate current. Tubes should 
therefore be overated in the region of snace 
change limited emission. The reduced shot 
effect noise may be exvressed as an equivalent 
noise resistence by the equation: re 


_ 2 
Req , em (Ean. 2) 


where Reg 4s in ohms. 


and Gm is the transconductance in mhos at the 
operatins volint. 

3. Flicker Effect Noise - This is a relatively 
low freauency effect caused by locol fluctuations 
of emissivity in the cathode. Present knowledge 
of the theory of flicker noise is limited, and 
this sutject in under current investigation by 
van der Ziel. : 

4, Partition Moise - Partition noise is 
Similar to shot noise byt is caused by the 
division of current between electrodes in 
tetrodes and pentodes. This current division 
between plate and screen of a pentode results 
in a noise level 3 to 5 times as crest as that 
of a triode. ') 


5. itiscellaneous Tube Noises (25) 


These 
noises are dye to microphonics, gas content, 
Pil bisiteeg.. cd DOSitive Lon current in tie 


Por iecimclWllnG. Ley tore Le reavecd to a 








Agr Li Vile. Love dl eG 2306 1) io eee mene 

De bObno t31 Tronpt oo uae = ic meme 1) ete 
Givpivalent nolae voltece of 2 Litéas fori eee ee 
be sure teermal acltetion molee dive torres 
resistive comio0nent. Praciieslly, Westen see 
coustruction cnd the meterial of ieee nee 
traisformer is very susceptible to electrostatic 
and magnetic pick-up. These rick-up voltages 
can be sreatly reduced by »Yrover shietidin st, vec 
the nroblem becomes difficult at low freisvencics. 

In addition there is a source of trensfommer 

noise referred to a BARKHAUSEN effect (19). This 
effect is due to the fact that the magnetization 
of a Tewronagnetic body does hot ovroceed unilorniy. 
but in diseréte steos. It has to do with the 
magnetic domains within the core, and has not 
yet boen fully examined. However, it is caused by 
Aamemiaile cr cyclic magmetiaeation. Thus, stray 
Dicku x *volteges which o@cur outside the freauency 
bend and ero in themeelves of no conseawence, can 
induce Barkncuse:: noise lyins in the entire 
freauency so.ectrun of the transformer. This noise 
is likely to be an important factor limiting the 
SenBiLIVIbty OF high Gein audio freanency ampliisers: 
hevins, iron- cored transformers in the invout. 

In addition to the noise sourees above, which are 
Sanerent in the individual circuit comodonents, stray vick- 
fPoeald num volte@es induced anywhere in the clreult must 
be fuarded ageinst. These can be avoided by careful 
physical design, including leod dress and adequate shielding 
fia.in narticular,the use of a d.se. filament sunnoly. 





CALCULATION Oh THEVReet Chia Ole Iai 10 


fhe coleuleation of the theoretical noise leved of 
en omolifier is relatively simojlesin tine [re wieie yar ec 
from one ke to twenty kee In this rance of frecuencies, 
the lnterelectrode conductanecs “ro usuglly amc! cnough 
to be neglected, and the components of tubo noise voltaze 
and resistor thermal noise may be considered statistically 
Lidenendent.e (4) They therefomadd cuadmetienliy. The 
e>leculation procedure consists of anolyin.. a simplified 
form of Eaus.tion I for the evaluation of the mean sousred 


S€tiective noise voltere: 


22 . 
e, = AKT Beg R (an. 3) 


where k and T are as previously defined, and 


B,,, is the equivalent bandwidth (see Avpendix pee48). 


Ris any resistive comoonent of the circuit. In tho 
Gee Of 2 tube, its equivalent noise resistance may be 
used as R in Eqn 5. to calculete the equivalent noise 
voltase. 

For a triode, in the fresvuency l-nd of 1-20 ke: 


Rog = Revicxer * shot 


where Re and. Peas are o-.uivalent resist=ances due 


licker 
mort iie<er noise cnd reduced sivot noisee The value of 
g ma. [72 accure. (230) ele v the aan Sij779.8 
R be accuretely vredicted by the relationshinv’ 


R eS) 


shot ~ gm 
Mme ve lue of eaoine? is frequency derendant and varies 


shot 


vwitn tube tyne and ccthode meterial. In mauy cases, 
hovever, its maynitude varies inversely with frercuency. 
Mis o0ise eccounts for the usual low freauency rise in 


morec S7cectrun curves. 





it 
The frecucney at which the flicker noise level 


e-ucls whot noise cam.ot be vredsefedaiath celiecaniay. 
wencerally lying anyWhere camel eke ond, LO®e. or higitte 
for ceeted cathodes. Gillespic eee Thee fel lewin:. 
ecuation for fPMicker effeét ot low Pre wencies: 


_3 

e, ~ 

eet Sale | (Eqn. 4 ) 
aft na 


All the noisesenerated lnethe emclifier music 
referred to the emvlifier inout, where the comperison 
of its level with the minimum si:nal level establishes 
the amolifier's noise characteristics. In order to relex 
the noise voltages to the input of the amplifier, noise 
voltssges originating in the nlate circuit of the first 
Stage and followin. stages, are merely divided py tie 
voltase gain between the inout and the point in the 
circuit where the noise vollLave is introduced. The total 
noise voltese referred to the innrut may then be calculated 


as follows $2? 





on 
toval 


R 
e. +6? +68 + ---- (Eqn. S) 
ot Ny Me 


This exnresslon gives noise in terms of a voltage. 
fomacion (3), 
8 | 
o> eT Beg Roa : 
enatles us to express tne noise alternetely in terms of 
Oi: equivalerit noise resistance Rog for any component. 


fois is convenient in that it allows direct addition of 
the equivalent noise resiectances and helns to put in 
evidence the most troublesome coijponents. 
kxXpression of Noise Levels 

=Olse levels descrited in this paper are exoressed 
Semeecin els rererred to one volt on a per cycle basis or 
ln equivalent noise resisteuce. These methods of 
PeeeeCSSion were selectca ioz the tworold nurpnose of esse 
meece leuletion and cleraity of meéanin: in describing the 


Mmerolutpe ioise Icvel oi ©c. cireuvit. The more fermiliar 





12: 


method of ¢) -reSo lL Onpeagiaees ur (Gperan senkslordlere tn ais(6 10. 


ere 
does not indile@te tie wieeol ieee le ye of = civenst 


© 


f s 


unless the noise power ol the sou:ce is s@e@cified. im 
MANY CoaSCSenthe nohse 20VeCKmeot bac wounce vaerbeg with 
frevuency, thus meio, tie Holse Pivure We wiaevedd 
netmed of expreashon. 
bletbodweat.....0O150. cS leeeme io 

,OLse hbevelseverce medceviethethemre=ciolit ier 
iat snorted 2a) ewdeat bhe ouptouieiitl» © NeweOieebomd 
eaclveer. The outout resdig, at any fremuemty, isc then 
referred to tne input tirou_h the total sain hetween the 
two noints. This method, end eyulpnent used, is described 
more fully in the Annendix, pg44. 





LS. 
CHAPTER III 


specific Procedure and Results 


In this chavter, the application of the step by steno pro- 
cedure (1.e., tube selection, first sta;e selection, invut 
transformer selection, and correlation of other amplifier 
requirements) to the specific design vroblem'is described in 
detail. The results of the various investisations are presented, 
formins a basis for the final selection of components and cir- 
cuits. 

In addition to the solution of the svecific problem, some 
general conclusions, where applicable, are drawne These are 
based on the theoretical and experimental results of the various 
investigations and may be of assistance in future work of this 


type. 





ie 


oten 1. pelection. of tube. Tyne for 


Amplification 
As a guide to tube selection, the eqguetion of 


Theses toe Om 





North (12) 


frequency resion where reduced shot effect is the major comnonent 


and others orovides a fairly accurate basis in the 


of tube noise. The high level of vartition noise in a ventode 
then limits the choice to high - triodes or triode~-connected 
pentodese 

In the lower frequency rane, where flicker noise pnredomi- 
nates, there 1s, to the present knowledge of the authors, no 
Simple guide rule. Cathode materials and cathode sizes directly 
affect level of flicker noise. However, controlled exoeriments 
have indicated a large spread in the meznitude between tubes 
of the same type ss well as in tubes of different tyves. 
Reference to the vresent and future work of van der Ziel may 
be of assistance in those avplications where low frequency 
noise is critical. 

Since the ultimate noise level of the first stznze of 
amplification is set by the tube noise, the selection of 
the first stage tube type was hesed almost entirely on noise. 
epectrum noise level information was not aveilable for the 
subminiature tube tyves which were available, and therefore 
the noise level of several selected tysoes were compared by 
measurements. Since flicker noise falls off #s1/f, shot noise 
assumes greeter relative importance in the unvoer vortion of 
the frecuency band where the noise reguirement wes most severe. 


Accordinzly, the equation R » served as a guide in 


as 
shot ¢ 
determinins which tube tyves were’ to be measured. 

Based on this criterion, the noise levels of several 
high SS types were measured by the method outlined in the 
Appendix on oe 44, The results, shown on pg.154., represent the 
average readings of several tubes of the same tyne, and are 
compared with a low nolse regular triode (12AT7). As can te 
geen from tne vlot, the differ@nce in noise levels at -the high 
end of the band is of the order of only 1/2 db. Therefore, 
the tyxe 6111 double triode was selected for use in the first 
Scage, based on its low noise level and the vrovision of en 
Peura LUCG 1.) 2 sinsle envelove, wnich mignt later be useful 


Mm Coe miniaturizetion asvxect. 
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Sten 2. .Desicn ofmbke Figsat vStacesol Asa litie ia 


Havines; selected a tube of suitetl, low noise chagac— 





teristics, the design of the rest of the first strse is the 

next lovical step. The tube itself is only one source of 

noise, and, of course, renulires for its oneration some vnlate 
load resistance and cathode bias resistance. Any resistence 

in its »late, cethdde, or grid circuit is a noise source and 

as such, must be considered with tube noise in the sta:e design. 

These are, however, a number of fundamentals which apvly 

generally to this oroblem. They ares 
ae) The tube should be operated well within the region 
of space-charge limited emission in order to obtain 
the reduction in shot noise effected by the smoothing 
action of the space charge. 
be) Sufficient bias should be supnlied to prevent excessive 
noise due to erid current flow. 
c.) Wire wound resistors, rather than carbon, should be 
used in the current carrying circuits of the first 
stage, except where the resistor is bypassed by a 
suitably larnse caczacitor. This is required because 
of the high noise Ilcvel due to variation of contact 
resistance in cerbon resistors. 
d.) D-c filaments and well filtered plate sun:7ly provide 
an effective method of reducing hun. — 
e.) Adequate shielding of signal leads in the invut cir- 
cuit and care ii the wiring layout is required to 
avoid excessive nickubde 
Obviously, the values of resistance associated witlh the 
tube stese cannot be selected solely on the basis of nc . 
It con ve stated, however, that if the stase gain is moderately 
fee, the first stage load resistance, os well as second stage 
‘tube noise, may be reduced to a negslisible amount because the 
evuivalent noise resistance is reduced by the square of the 
Moree .c “alin in rererrin; 1 to the grid, or innut. On the 
Other hand, un-byoassed catnode resistance, which may te 
Meeir-ple for the an xtlicetiog of local inverse feedback to 
mre Ste, Way constitute m Significant source of nolse, 

With these cenerel orimecioles kent in mind, the nolse 


feel of & umber of Circuit tys:es was iavestijated in order 


L7. 


Lo orovide a basis for the desien of the M patwecae ee 
results of these investicv;‘ations cre described in the following 
DEUGE Se 
ae) loise Lovel of ¢ Sin-le Triode Ste.-e with Cathode 
Dezereretion. 
The first circuit which was investi sated is 
Shown in Fig. le 
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Fig eo dons Joules Trl Oc (Pe eae 7 


Tals simoble state orovides es voltae 22in of 2eaL. 
and has ‘an ectuivelent input noise level es shown 
on pgelfa. This noise level is used 2s a reference 
with which the various other circuits are compared. 
Lffect of Un-B 
It is to ke exoccted that any resistance in 


nossed Hesistrence in the Cat a@ode Giver 





b.) 





the scrid to catnode circuit would generate a thermal 
noise in this circuit. The noise measurements of 
the circuits of Fige.1 and 2 ,ehown on pels, indicete 


this clearly. 
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The effect of by-»vassin: the 500 olims c-tkhode resistance 


results in a reduction of noise level of ar ro“imetely 2 ab 


at the hissh end of the band. This reduction in noise 


level 


is the result of two erfects, namely: 


1.) Shuntin.; of the thermal noise oz the 500 ohm cathode 


2.) 


esistor, thereby effectively reinovin; this noise 

source from the grid-to~-cathode circuit. 

The reduction of the effect of the noise in the succeeding 
stages caused by the increased g¢ain of the first stage 
when the cathode resistance is by-passed. 


The manner in which the noise level of the by-passed cir- 
cult eoproaches that of the unby-passed circuit at the lower 
frequencies should be noted. This may be exnlained by the 
reduction in the shunting effect of the canacitor at lower 
frequencies tozsether with the fact that, in this frequency 
range, the major vortion of the noise is due to the flicker 
effect of the first tube, which is unaffected by the cavacitor 


actione 


ce.) 


Use of Two Tubes in Parallel For First Stage 


Since the reduced shot noise of a triode is 


inversely vroportional to So the parallel operation 
of two tubes, doubles the value of 6, over that of 
a Single tube, and should therefore reduce the noise 
level. This effect is shown by the noise level | 
measurements taken of Figs.1.and 3. 
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GQ.) Gofeodc Jirciinkw Drive ios Lien 

The c:acode cirenuit, showmir ite wager 
in Fic. 4, was the result of the work of “riilmen 
ed others in .ttemots to reduce the noise fienre 
Of hish frecwency vimlifilerss Sinec thons “Ghewce. ae 
has beoa used with considercrtcle success in Yeduc Ling 
the noiso level of reder, television, and other hich 
Precme@ite Veci re ums. 
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tio. 4. the Basie Coseode Circuit 


Bae reduction in noise icvel when comorcred with the trai 
peiivode emplifiers used in hich fre:uency annoliceations is achieved 
meee following manner. The srounded =rld st@ec, ee tends 
Meeebe bi lize the wlate voltae of the lower tube, Put still 

melows Gts plete current to vases throush the lord resrstor, 
MaconLevorsteDi lization of the pletc potential of Vy were — 
attained, a signal Oy» On Gre eid OF Vy9 would cause @ plete 
current, SnPy to flow throuzh both tubes end the loed resistor. 
ios tne voltace fain of tnc cescode cireult would approach 
Crttos Virmei ss “Gee VOLTOte @aill of 2 nentode, 

io veers manrer, the caseode achieves the hich ein of 
pentode stase without the hi h noise level essociated with the 
partition nolsewor 2a ventode. 

Pieweuroese or this investi-stion was to compotre tac Howes 
eee Of tec Cxseode cirevit with that of a low noise tree 
meee tio! omen fre sjoniey 2A>slicetion. Lhe test ci2cum 


meee tO sce@@moliah tiis ia shown im Fi. .5. 
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rie. o « Gagscode Test Circuit 


The measured @ai131 of the cascode ci®cuit wes 51 dbv, as 
compared with a gain of 20 dtv in 2 similar sin le triode 
Circuit. The resultant noise level of the cascode is compared 
Weth toat of the sin-le triode steme on nz.4/a. The results 
eeoy a neligible difilemexstmec in noise Level, 

As shown in the Avnnendiz: on nze54, the eauivelent nois 


Jeyel ct the innut of « cascodc @mmiifier is made un of the 
following, comoonents: 


6 = noise of the lower triode sta, V.. 
nl ; a: 





me = molec of the u7ee. triodc, V., memerrcd tomane inowe. 
om 


Cc. 
22 = noise of the succcedia stose referred throurch the 
a stage gain, Gy s to the innut. 


Of these three comnonents, eal has the createst magnitude 
Py far, sinee eno? the uorer triode noise, is reduced by the 
factor =, ond on3 is g@mmtloriy remuced by the factor #, where 
Gy onoroaches the hizsh sain of a pentode stage. Thus the ecul- 
v:.tlent noise level of the cascode circuit is esscatially 
Saal to Caw which is, of course, the c>uivalent noise level 
Pe ea i ee teetc Cclrcult. 
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e.) Effect of Feedbeck on ioise 
Since tne application of inverse feedl:ack wrovides 
an effective method of ochievin:: desired 3910 stebiaewa, 
in the amnlifier, the effect of feedbac*s on the noise level wag 
investigated. The test circuit was as shown in Fic. 6. 


pt 






CATH, 
FOLL. 








PENTODE 





Fige Ge Test Circuit For Fecdbreck Effect 


The nolse level was measured for various settings of the 
feedback notentiometer, Ry» with the results -s shown on ps.25a. 
The results indicate ° small inercese in noise level for increase 
Memmo.ntive foedbock. 

(reercticolly, inverse 1@édback will xeduee themlleve! 

Of noise at the outout of ai amoliifier in the same ratio that 
tuc signal is reduced (providing stase Gains are wnchensed) , 
GIs “causing the signal to noise ratio to remain constant. 
yeu OM vila. Wwe could GinccG Uicu tie e7ulvalent sosoluge 
merel Of Moise in the innut cireculst would remain unchanged, 
rovided thet the resistive comsoneits of the 4inout et rowan 
Men nenameed, AS,enn 16 seen trom tlic test clrevit, ee 


Pee 1staiec in the cathode ciraevit incressed with lncreased 








| bode 
feedback, thus increasin: the noise level by a slight amount. 


For the test circuit in aucstion, there was an additional 
effect on the noise level, due to the reduction in sadn of tae 
first stage. This reduction in cein wes caused by the dezenera- 
tive effect of the sdditional un-bynassed resistance in the 
cathode circuit. This reduction in first stase sein allows 
the second stease noise to become more effective. This effect 
may be illustrated by the block diagram of Fis. 7 . 
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Fise 7e lock Diagrem of Feedback Circuit 


In Fige 7 9 @, 9nd €,, represent the noise voltage intro- 
duced at the first and second stage innuts resvectively. With- 
out feedbeck the mean squared noise volta:e «ct the output is 
as follows: | 


Ke cage = (KK 2% (Kae 


out 12 e4) < eno)” 


To refer the output noise to tne input, we divide by the 
voltage goin squared, (K,K,)*. 


a 

= wlK Rac. Meas Gee ae. “ite 

2 a a 1 Pages Al o—n2 = ony - 
(K)K,)* u 


Now with feedback apnlied, tosether with a reduction in 
gain of tne first stage as occurred in the test circuit, the 
noise level at the output becomes: 








ah. 


K. Ke Aa » «| sang |" 
athe. 


be Saat -| 7 
1-EK,K, 1 ~BK, Ks 


| 
where Ki< K\- 


To refer this noise voltase to the aS: we divide by 
the square of the closed loop it K Ee -| 


1~ BKK 


t 
; R 2 
(Ky R501)" +(Koen9) 





? 
ya (1-PK,K,)* 
Seay? = ie : 





(K,K5)* 
(1-EK}K5)® 


a2 Q 2 

) = Snl + S12 
— — 
(K,)° 


(e 


equiv 


Thus, the equivalent noise level of the case with feed~ 
back is seen to be greater than in the case without feedback, 
due to the reduction in first stage gain from K, to oe 

In the test circuit emmloyed, the rise in noise level, 
due to the effects of increase’ cathode resistance and reduction 
in gain of first stage when feedback was applied, was small 
enoush to be considered negligible. In many avvlications, 
however, this is not the case, and a significant rise in noise 
level may result from these effects. 

In conclusion, it might be stated that while feedback 
itself does not affect the esuivalent inout noise level, 
the changes in circuitry required to achieve the feedback are 
cavable of increasing the noise level. 
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(f.) TRSUSISTOR SOISE I:AVESTIATION 

Until mecentim, thes neise,Tsctors of junction 
tyre Lroiseastors were so high as to resder them useless 
for low noise aPPlications. fhe develooments of the »ast 
two years have resulted in a sutstantial decrecse in the 
noise level of transistors, The vcurnvose of this inves- 
tisation is to compere tne noise level of a trausistor 
stage with a triode stage of compoerable sain. 
Transistor | 

The transistor circuit is as shown in Fig. 8-6 
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The CK-727 in this circuit ylelded cn averaze voltage 
gain of 355.5 db for a. low inout impedance (C=1.0 ufd). 
The aversziee alpha of the transistors used was 0.97. 
Portnermore,the transistors were selected for low noise 
level. 

Shea ‘29? 


collector to emitter voltage in order to obtain the low 


recommends overation with a low 


noise feature. In view of this, the circuit was adjusted 
so theV,, was less than two volts. 


hesults 

Noise spectrum measurewvwents were teken for three 
different circuits, with results as shown on p@e.efa. 
Each of these curves revresentsthe averaze level of three 
trausistors tried in each circuit. 

Curve (1 ) reoresezts the everaze noise level for 


the elreult of Fig.8, with R, = 10K, R, = 12.8%, and 
G — 1LA@, at Ghee 


Gurve (2 ) represents the level for a 10-times 





2 7. 
Lnerease in both R kG | Ro» 3. Irae: FoO.oCse evexwiae 


effect of reduccd tase current. Curve (3) (ives the 


1 = LOCies R, = 25h, Evitewith) 23somee 


Gapecitaace of O.022eutd. 
Foth curvea (1) and (2) itdicsete thesrelstwene 


level witn R 


Ship in the frevueacy ran,e telow lke as reported ty 


2 0 b | id | 
( ) They @lso snow an increase in noise 


other authors 
‘level with decrease in base current. 

The large tnerease in noise level, pamereulariy 
at low frequencies, indicates the significant effect of 
mource impedance on noise level. 2) 

The mein conclusion to be drawn from this brief 
investigation 1s that the noise level of a transistor 
circuit, with e low inout imoedance, may a»rvroach the 
noise level of a vacuum tube circuit. The effects of the 
input impedance on noise leve], tosether with the fact 
tuat selected transistor units must be used, are dis- 
edvantages which might orevent their use in a low noise 
sonar application at this time. 

In view of the rete of recent develorment in 
this field, however, the use of transistors for low noise 


Momsicavcions is a definite possibility Yor the future. 
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Varbous First Stace Circuits = Summeswy (ome kecmenee 


The significant results of the ftoregoing sections are 





summarized on the curves of pase 28a. The circuit selected 
for use as the first stage of amnlification was the single 
triode stase with partial by-vassing of the cathode resistor 
as shown in Fig. 9. The resultent noise level was 158.7 db//l 
volt ver cycle at. the hiwh end of the freauency band. Of the 


vacuum tube circuits, only the dual imout circuit exhibited a 
250 voce. 
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Fice 9. First Stace of Amplification 

comparable noise level, and we may exvect a slightly lower levcl 
from this circuit if the catnode resistor is byoassed, However, 
the dual input stage was re jected on the basis thet the slight 
reduction in noise level wes not worth the use of an additional 
tube in view of the miniaturization reuuircnents. 

The transistor circuit comneres fevorebly but was not inves- 
meceuecd further for this apnrlication because of the following: 

1.) Careful selection of transistors would be required. 

2.) Temperature stobility vroblems. 

3.) Denendence of noise level on invut impedance. 
Wee Recuired Noise Level 

Thus fer, we have discussed the necessity of low noise 
with resvect to the noise level of the see, without being 
me ccific as to what this level is. Noise in the sea exists 
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Oo, 
os vressure variations which ere chanced into electrical signals 
by the Sonar transducer, and annlied to the pre-anvlifier invout. 
Thus the characteristics of the transducer, spyecifilcally its 
sensitivity end directivity, as well as sea noise itself, es- 
teblish the minimum level at the vre-amvlifier,. 

Sea, noise is cheracterized by a -5db/octave slove. ‘22) 
fhe hydroohone sensitivity establishes its level in volts at 
the ore-amplifier input and the directivity of the hydrophone 
array changes the. slove. For comparison with the curves on vg.29a. 
are shown two lines, one representins zero sea state referred 
throush a hydrophone sensitivity of 92 db//1 u bar/ens, and 
one which represents the specific requirement for this vre- 
amplifier. This line includes the affects of both sensitivity 
and directivity of the particular hydrovhone arrey to be used. 

It is aoparent that none of the first stese circuits 
investigated attains the required level at 20 KC. of -179 db// 

1 volt per cycle, nor was this to be expected from a survey of 
existing; literature. It appears that the minimum level of 

a vacuum tube circuit in the present state of the art is 
approximately -160 db//1l volt per cycle in the 15 KC.to 20 KC. 
frequency ransee In view of this, it would seem that for any 
requirement substantially lower than this figure, an input 
transformer becomes necessary. 

Amonz other thinss, the foresoins investigation establishes 
that no undue penalties are involved in the uso of sub-miniature 
tubes for low-noise applications of this sort. The fact that 
the first stage noise is considerably sreater tnan required 
by the syvecifications in no way lessens the importance of 
designing for minimum noise of this stage. 

As we shell see in the next section, limitations in the inout 
transformer circuit further emnhasice this importance. 
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30. 
STEP 3, SULECTION OF Phe INPUT TRANSFORMER 


Turns Ratio 

Havin: estaslisued the niviman level of noise in 
the first stage of amelificetion, tue next step is to 
select a transformer turns ratio whicn will suvvly a gain 
equal to o7 reater than the difference between this level 
and the required level. If our fixst tube staze level is 
-160-db and -180 db is reyuired, we need a step-up trans- 
former gain of 20 db. Eut this isfmore easily ststed than 
accomplished. We can achieve the revuilred gain easily 
enough, but the transformer itself contains noise sources. 
In addition, its inductance and capacitance have important 
effects. These, we will discuss later, limiting our 
present consideration to the problem of noise. 

Theoretically, the noise of a transformer consists 
only of thermal azsitation in lts resistive component seen 
looking; into the input terminals. The maximum value this 
quantity can have is: | 


R =R . Recondar | 
eq primary (turms ratio)® 


wWnen one considers tnat the noise specification of 
-179 db//l volt at 20 ke. represents a noise voltage of 
ell x 107? volts on e per cycle basis, and corresponds to 
the thermal asitatlon noise in a 74-ohm resistence, it is 
seen that the orimary and secoudary windings resistance, 
and the turns ratio, ere motters recuirin: careful thought 
in obtaining the required amount of “low noise" transformer 
sain. As a matter of fact, the renquirement is even more 
Seicicult teceuse the first stn*e noise must 21lso be 


referred beck through the transformer gain. This means that 
R lst stasse Re 

secondar 
+ Seep er + = a ae 74 ohms. 


With n peing the tuins retio. 


Rorimary 


Thus the importence of a miluimum noise first stese 
is apparent. A level of -160 db//lv. corresronds to 
R of 4090 ohms. For a transformer sein of 20 db, we need 


cq 
Sturt. retio of 10, so #050 = 40.9 ohms, leavin. only 33 


poe fo: toe troustormer Rea 








Si. 


On this vasis alone, n snouldad te es longa 8as practic 
Unfortunately, theremare other ecifeets Verh Bea 
Lurie reo, aud tr@scMelrpecves cze WOweme tT icles 

ouvenl ame . 


Other tiffects Froducing Noise in the Transformer 





fs the turns ratio is increased, one may exect 
more susceptability to hum and stray pickuy. Fresumcably, 
close attention... to WsolticGn end shieldin.: wil Moin 
here, Lut in view of the levels involved, these meesures 
may Le rather extreme in extent. Another effect which 
may become important at low levels is VPARCSHAUSEN noise, 


which is given by the equation (19 ), 
ay 

=e = 16 oN?A "mB Saw legs af (Zon. 6 ) 
geil 


where =a = Mean square outnut voltae 


N = mater of tudeomonmmenmtcut coil 

A = cross section of core 

m = magnetic moment of elementary magnet 
V= volume of the come 

® = anvulor frequency of periodic 
masnetizin: Loree. 

= naximun flux density 


Barkhnausen noise is seid to ke produced ty the action of 
the elementary magnets within the core material. They 
orient themselves with the direction of the increasing 
field, but do so discontinuously. Although Ean. 6. 
contains w of a periodic magretizin.. force, it would seem 
thet the source of noise would exist whether the 
magnetizing force were veriodic or random. 

The possibility that hum or stray pickun voltages 
(e..,60-cycle) cen induce Rarkhausenl noise should not be 
Overlooked. Sixty cycle pickuyn itself lies outside the 
useful frequency band end is therefore no vroblem. If, 
however, it ca@nstitutes the ow in Eqn. 6, we heve e broad- 
Mero 101se source. This -oluus to the requirerent of 
cerefullyshiclding ao low-level Uroectovaer fron (lem lor 


any spurious voltase, reterdless of frequency. 








3a, 


In this investisation, the transformer shielding 
was less then perfect. In any case, calculation of the 
mognitude of Lerkhsusen noise for the case at hand is 
bevond the scope of this ~aner. sor can it be certified 
thet tnois effect actuslly did exist. ‘The significance of 
N should ve noted, however. 

Inout Transformer - Results | 

The svecification and atteinment of all the desired 
parameters of a transformer is difficult, especially in 
sub-miniature sizes. The transformer used by the authors 
had the following svecified characteristics: 


Turns ratio = 20 
?-rimary D.C. Resistance = 37 ohms 
Secondary D.C. Résistance = 6700 ohms 
Its equivalent circuit is given in Fig. 10 
1: 







INPUT OuTPUT 


primery inductance 


L 
where _ 


L, leakage inductance referred to the 
primary 
C = stray and distributed cavacity 


referred to the primary. 


Fig.10. Transformer Equivalent Circuit. 


The measured noise level of this trensformer is 
shown on page 32a, tosether with the measured noise level 
of the first staze referred to the transformer primary. 
The latter is at least 3 db below the traasformer noise 
curve. The dotted curve on page 2228. sives the theoretical 
noise level of the transformer based on thermal azitation 
due to its resistive comosonent (57 ohms). ‘The discrepancy 
between the theoretical and measured levels is attributed 
to Barknausen effect induced by 60-cycle pickuo. 
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33. 


Phe slonln raise oi tue totel noise curve at the 
lower end of the rand i.dicstes the effect of flicker noise 
which becomes cre:ter then traisformer noise at about lke, 
even though the flicker level is reduced b= the tiusaeeee ie 
Beam of the trensformer. 

The stray ond distributed can:cite..ce of the windings 
or 2 traisformer cen also set & limit to tie tiers rog0c 
availazle in a trausformer. once the value of this cena- 
citive reactance, referred to the ocrimary, becomes connerable 
momuve Source lImocedance, the turns wetio Gain ceenot be 
realized by the transformer. This will limit the amount 
by which the first stase noise is-reduced. 

The measurements shown of vage 324 suggest tinat the 
meonsiormer noise sets the ultimate limit in reduction of 
nre-amplifier noise. To help confirm this analysis, a 
submininature commercial (TRI-AD) trea.isformer was tested. 

It had the followin: narameters: 


Turns eaeGo. = 20:1 
Primary Resistance = (Ox 


Secondary Resistance = 3700 nm 
Its eouivalent resistacce wes therefore ecueal to only 16 
Onms and its measured and theoretical noise levels are 
also shown,on nace 33a, thus coufirsin: the existance 
of some effect not ascritniile to thermal azitation alone. 
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34. 
THE PRE-AUSLIVIER GIRCUIT 





A 1250 VRC 
V3 6.3 VPC e 
To HTP: 
INPUT $718 é‘ B FGND 
‘ j 3 
: (lyr 
att} oc 
: & ¢ C |oureur 
2 4 3 Sipe 
3 Jz z 
x 2X 
wm ¢2 S 
Mf 4 
| pF ole 
-: 


Fig. ll The Pre-Amplifier Giggcuit. 


Figell presents the final pre-amoalifier circuit derived 
Pence inally on the.basis of low noise. Dt is a conventional 
meedback amplifier with a mid-bend saligef (Ged. is 6 mene: 
Oe cone study of various inout ciremits, the Tarst sstacsceiss a 
triode amnlifier with by-ocsncd ce-thode resistance, and a 
Paait OL 22 abe It is followed by a ventode having a sain of 
38 db, and a cathode follower outout stage. The transformer 
gain is 26, givins; an overall oven loop gain of 86 db end 
eilowins 16 db of inverse fcedbeock to orovide gain Stebilatys. - 

The overall frequency resoonse of the amvlifier is as 
shown on pz.d0Ja.(curve A). The low freauency peak is caused 
by the ser/es resonance of the source capacitance and 
primary inductence of the transformer, while the hish frequency 
peak is caused by the series resonance of the transformer leakage 
inductence end the stray and distributed e@pacitance of 
the troensformer circuit. Methods of shaving the overell res- 
pease is discussed in greater dcetcil in the following .chapecer. 

The frecuency response olf the cmolifier vrover, without 
the insut transformer, as shown oa 09.359 a(curve B), is float 
mon below 100 cyelos to anwroximetely GO kev’ Direct couple 





Uo; 
between the ventode stage and the cathode follower reduces 
ohase shift and attenuation at low frecuencies. The vurpose 
of Cy, from the plate of the pentode to ground, increases the 
attenuation at high frequencies in order to prevent oscillation, 

The output imoedance of the amplifier wes less than 200 
ohms over the frequency range, due to the cathode follower 
and the effect of the inverse feedback. 

The performance of the amplifier »rover is considered 
satisfactory, althoush it is felt that a sreater amount of 
inverse feedback would be desirable, particularly in view of 
the recuirement of matching 48 identical pre-amolifiers in 
each Sonar equinvment. To obtain substantially more gain (and 
hence, more feedback), another stege of amplification is required. 
While this would occasion a small increase in size, the greatly 
improved stability characteristics would more than Justify it. 

As previously indicated, the major emphasis of the design 
was on the noise level. The measured noise level of the final 
amolifier design is shown on pz abwhere it 1s compared with 
the requirements of the svecification.e A curve of minimum 
sea noise, referred through the transducer, but assuming the 
transducer non-directional, is also presented for comparison. 

As can be seen from the figure, the measured nolse level 
intersects the reoulred noise level at approximately 11 ke, 

and exceeds the reauired noise level by 4 db at the upper limit 
oe 20 ke. 

The preamplifier noise, rather than sea nolse, thus de-~- 
termines the magnitude of the minimum detectable signal 
in the uvver part of the fresuency range. Recommendations 
as to methods of further reduction of the preamplifier noise 
level are given in the final chavter. 

A comparison of the preamplifier noise level with the 
level of zero sea state, referred throussn a non-directional 
‘transducer, (curve C on pz.35b), shows that, in thin case, 
sea noise, rather than amplifier noise, determines the minimum 
detectable signal strength. 

This low noise level of the amplifier was achieved with 
little sacrifice of the miniaturization concentse The test 
amplifier, as constructed, occuoied a volume of 6 cubic inches. 
Since the test amplifier contained many capecitors and resistors of 
normal size, the cuthors estimate that the volume of the amplifier 
may be reduced eve. further by use of sub-minilature components . 
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STEP 4 56. 


QUSTIDERATTION Of OTHER FBQUIREID TS OF THE PHE-AMPLIFIER 





Althougn minimum noise level is a primary consid- 
eration, other requirements may vreverit desijsn decisions 
from beings besed on noise olone. Chief nmong these are 
source lmoedaiuce, frecuency response, and sain stability. 
source Impedance and Freguency hesvonse 

The SONAR Hydro»chone in this case has an essentially 
reective source impedance which may be revreserted by a 
series capacitor of .025 ufd. The specified frequency 
resvonse reguires a voltage gain of 70 db. flat within 
+0.5 db between 1 ke and 20 ke. The asymptotic 
resvonse is shown on vage39a. | 

In the previous section, some of the restrictions 
on transformer varameters with resnect to the noise 
oroblem were explained. The additional factors of a 
reective source and fresuency respouse impose other 
important restrictions, most of which are inconsistent 
with the noise requirement. 

In an attempt to resolve some of these incon- 
sistencies, and keevins in mind that future svecifications 
may be different as to noise, resnonse, and source 
imvedance, the writers have sought to develov an 
analytical means of correlating these three factors in 
the case where the frequency resvonse is determined in 
the insut circuit. 

Control of the frecuency resvonse in this way 
consists of the use of damoin;; resistors to eliminate 
resonant peeks in the transformer resnonse. The method 
has importent advantezes, but from whet has already been 
‘gold about noise, we should, at the outset, regerd with 
suspicion the addition of sny resistance in the lneut 
circuit. However, in sone cnses, this may be permissable 
end for the feneral case, the c.alysis giver may indicate 
whether or not this system is fensalle. 

The anelysis is given in the Afovendix, vere oa 
The results involve tie solution cf four simulteneous 
non-li..ear ecuations, the soluticn of w::ich is so 
Parorious ss to render tien limited In practical wolte. 


Tn a creat many ceses, h.wever, the upper and lower 





or 


break frequencies are sufficie: tly, seonrated so that the 
nroblem can be divided isto two perts, end ea useable solution 
obteined with the aid of « few simslifying assumotions. 
The derivetion of tiis special cese is given in the 
Appendix, pege 62 ., and the results are given in the 
following section. 
snecial Gase 

The problem is to determine the recuired trens- 
former prinary imductance, shunt capacitance, and series 
and shunt damning resistences to shaze a given frecuency 
resoonse, and from these to calculate the resultant 
noise level st any frecuency. 

The transformer eaquivalent circuit used in the 
derivation is given in Fig.lI2. 





l= series damoin: R + primary R 
5 = shunt denving R, referred to primary 


uv 


Rs = Secondery R, referred to primary (assumed 
small com-ared to R, and R,) 


ib = Pranary inductence 


L = Lecskaze liiducteance 


Cy = Source impedance (:;iven) 
C, = Distributed ond cdded shunt cavacitance 
Pigs ee. 


For a flet resronse of the tyre shown in Fig. 13, 
the upper eod lower trest: frequencies, w, and O,, are 


ever : 
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dbve. 





rat a, log GJ 


Fig. 13 


With the following assumptions: 
On ad oh 


R, >> R, 


C, >> Co 
the derivation (Appendix, pg@G2) results in the following 
relationshivs to establish the frequency response: 


LC. = eae 
1 wy Cy 
1 

Reg - —oooSY 
2 2 O05 
Ry = ew, 
Co = 1 

Wale 


As a result of the work shown on pg.58 of the 
Appendix, the mean square noise voltasse of the transformer 
circuit may now be predicted by the followlns, equations: 

For low frequencies: 


8,.8 
RoLyw | 


8 
e. = AKT | R $8 
: + ER, (1-1, 6,0%)*+ -L808 


(Eqn.1 ) 

For hish frecuencies? 

— 

1 + R5C50" (Eqn. 2 ) 
[1-L,¢,07]* 


—_ 
e, = AKT R, + 


where K is Loltzmann's constant = 1.37 X 107°? 
joules | ox 


T = Kelvin tem rerature 





39, 


These expressions show the effect of R, at all 


1 
frenuencies, The effect of R, on nolse derends on 


frequency as well as other circuit values. 

This orocedure was applied to a particular vroblem 
and the results esree closely with measured results. 
These ere shown on page 39h For comparison, 1s also 
shown a noise curve taken with no added dampins 
resistance in the transformer circuit. The hizh cost 
of resistance in terms of noise is apparent. 
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Shanvins:: of Fresucney Respons 





é With Output Filter 


There are many conventional weys to control the 
frequency resnonse in an amnlifier. For examnle, one 
Simole way is to use an output filter es described in 
the followings; parseraphs. 

In the preceding section, we noted the deleterious 
effects on noise of damvoin:; resistors in the transformer 
circuit. In particular, as indicsted by Eans. (1) and (2) 
page 38, R,, the serles dompln; resistor is the orinciple 


noise contributor at all frecuencies. This resistor 
controls the high frequency resvonse by critic-:lly demping 
the resonant peak due to the leakase inductance and the 
secondary shunt capacitance. 

The series damoin;; resistor may be eliminated by 
the use of an outnut filter to cancel the hish end resonant 
meat and sive the required roll-off. It is important, 
however, that the filter paraneters be such as not to 
prejudice the miniaturization requirement. The onelysis 
of the filter, bnsed on complex frecuency nlane theory, 
is given in the Apnendix vg.65. 

The results ere showi on page 69a. of the Appendix. - 








Chapter IV 41. 
Conclusions ond Recomuendations 


Althoush the sonar preamplifier described in this report 
does not meet the resguired noise svecification, it shows a 
measured reduction in noise level of 7.5 db//lv per cycle when 
compared with the existing, full-sized eouipment. The authors 
feel that this significant improvement justifies the design 
orocedure which hes been pronosed. A summary of this design 
procedure, tosether with conclusions and recommendations which 
may aid in its apolication is vresented in the following section. 
Invut Tube Selection$ EFased on the measured results, the noise 





level of circuits employing subminiature tubes closely approaches 
thet of normal size low noise triode circuits in the frecuency | 
range from 1 Ke to 20 Ke. The transconductance of the tube 
presents a possible criterion for selection of tube type in 
the uvper portion of the frequency range where shot noise is 
predominant. In applications where flicker noise is the major 
comnonent, the work of van der z401‘*) may serve as a guide, 
However, due to the wide variation in the flicker noise levels 
of tubes of the same type, as well as different types, measurement 
of these levels is recommended as the basis for tube selection. 

The results of the noise level measurements of the transis- 
tor circuits indicate,under certain conditions, that they may 
closely avvroech the level of vacuum tube circuits. These results 
vrovide an excellent examole of the recent vrogress in the transis= 
tor field, and may voint the way to their emoloyment in very 
low noise circuits. 
Desipn of the First Stase of Amnlifications Major emphasis 
should be nlaced on the reduction of noise in the first stage 
of amplification when applying this provosed vrocedure. The 
reason for this emohasis is thot the noise level of the first 
stese determines the necesssory turns ratio gain of the trans-~ 
former, which is a major factor in determining the minimum 
noise level which may be ovtained, 

Of the verious vacuum tube circuits investigated in this 
phase, the use of two triodes in nerallel was found to have 


* The svecification referred to was issued in 1954, and thé 
eauipment is vresently in the eerly stages of development. 
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the lowest noise level. The decision 2s to whother the reduc-~ 
tion in noise level is worth the cost will depend upon the 
pemuicular annlications 

The cascode circuit was investizated analyticelly and 
exnerimentally. Eased on these results, the authors conclude 
that the cascode circuit does not vresent ainy apnreciable im-~ 
provement over the noise level of a high sain triode stage in 
the frequency range from 1 Ke.to 20 Ke. The study of the 
effects on noise level of introducing resistance into the grid 
to cathode circuit of the first stage, either for purposes 
of local degeneration, or overall feedback, indicate that such 
resistance should be kept to a minimum. | 
Input Transformer Selection: In the application of this 
design procedure, the minimum noise level which may be obtained 
is determined vrimarily by the trausformer noise characteristics. 
The resistive comvonent of the transformer windings, referred to 
the primary, places a lower limit on the level of theoretical 
thermal agitation noise which may be achieved. This resistive 
comvonent will increase with an increase in turns ratio, for 
a Siven set of conditions. Since the turns ratio is determined 
by the amount which the first stage noise level has to be re- 
duced, we can see the imvortance of the first stase noise 
level in determining the ultimate level of transformer noise. 
It should be pointed out that when the resistive component 
of the transformer windinss, referred to the primary, becomes 
greater than the equivalent noise resistance of the first 
stage, also referred to the primary, further reduction in the 
total circuit noise cannot be achieved by increase in transformer 
turns ratio. 

In this particular investigation, the ultimate limit in 
the circuit noise level was determined by effects other than 
the thermal agitation noise a the resistive components of 
the transformer. 

Barkhausen.effect is presented as a possible cause of this 
excess noise. Inview of the importance of this excess trans- 
former noise in determinins the ultimate limit which may be 
obtained, the authors recommend that a thorough study of its 


causes and vossible remedies be undertaken, 





a: 


Consideration of Other Renuirements of the Amvlifler: A general 





rule concerning the design to provide characteristics other 
than low-noise,such as freyuency resxonse, is that the assign- 
ment to the invut stage of any function which will increase 
the real oart of its imvedance will result in an increase in 
noise level. 
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Method of Koise licasurement 


The noise svecification for the pre-amnlificr es a 
whole 1s Given in terms of decibels with resvect to 1 volt 
on a per cycle basis (db//lv/nercycle), as a function of 
frequency. Therefore the somewhet more familiar “noise 
"is not applicable. ; 

The method employed is to make direct measurement at the 
outout, with the input shorted. A G.R. 736-A Wave Anelyzer 
is used as the output meter, and its reading for each discrete 
frequency, is referred back to the input through the total 


fisure 


gain at that frequency and its own bandwidth correction. 
The 736-A has a bandwidth of 4-cycles, and thus readily lends 
itself to the measurement of rms. noise voltage on a per oycle 

basise It has the further, and vastly more important, advantage 
that this narrow band excludes all extraneous signals. In 
particular, it completely eliminates 60-cycle pick-up voltage 
from the outpute 

Since remese noise voltae 1s proportional to the sauare 
root of the bandwidth, the values obtained with a 4-cycle 
band are very small. This renuires a high gain (110-130 db) 
circuit for the measurement. 

The ecquinoment setunv for the noise measurement is shown 


in the Appen.on vs. ye 5: 





Noise Measurement Bauinment cnd Test Arren-ement 
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WAVE 
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G* 20/40 dby, G = 20/40 dbyv. 


Fig 14. Test Equipment 


The test arrancement for the noise measurement wes as 
Shown in the above figure. Noise messurcments were conducted 
in the shielded room of the Electrical Communications Labora- 
tory at MIT. 

The input transformer, the pre-amplifier, and the battery 
power supply for the pre-amvlifier, were encased within a 
shielding box during, the measurementse All connection 
leads and plugs were shielded. 

During measurements, the output noise voltaze was moni- 
tored both visually, on the CRO, and aurally, on earphones at 
the output, to ensure that thermal noise, rather than non- 
random pickup, was beins; measured. 


io. 
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General Discussion of Low Noise itcesurements 


The princivole difficulty in makin~ noise measurcments 
at very low levels is thet srect care is resuired to cssure 
that one is mersuring circuit noise alone and not some pick- 
un.signal. The weve onalyzer requires 60-cycle vower ana the 
writers experienced great difficulty with pickuv from this 
sourcee The 60-cycle component does not avnezr at the oute 
nut but, unless it is reduced to a low level, it will satu- 
rate the last decade amplifier, whose inout is limited to 50 mv. 
When this happens all noise readings over the bend are in 
error. Gareful attention to shielding of all cables and equip- 
ment 1s mandatorye A.C. equipment not needed should be turned 
off. Bettery supolies and eqguivment should be connected to 
a& common ground, and it will be found that orientation of leads 
and equinment is important. Large capacitors should be connected 
across all battery terminals to by-pass battery noise to ground. 
The outout signal should frequently be checked on the oscil- 
loscove for 60-cycle signal level or evidence of overloading, 
as well as aurally, with headvhones, for its characteristic 
‘hiss and absence of any tone, or other non-random signal. 
Another effective means of checking for overloading is to 
Beauce the gain of the next-to-last decade amplifier (see Fig. 
on pge45.). The output noise readin: should drop an amount 
correspondin:; to 20 db. If it does not, the last decade an- 
olifier has been overloadin;. The Ballantine decade amplifier 
has a 20-40 dab gain switch so this check is auickly meade. 
Because of the meny unforseen factors which can, without 
warnings, give rise to inaccuracy in low-level noise measure- 
ments, it is imoortant to confirm any noise stectrum data 
obtained, preferably at some othor time. Any single set of 
readinvs cannot ever be considered conclusive. In many labora- 
tories, there arc a great many extreneous signals whose source 
Poa adentity cannot readily be deLecrminedw oie mich can, never- 
theless,invalidatethe noise measurements. Since even the 
presence of these spurious signals may not be suspected, the 
investizator in this field does well to be extremely careful. 
The accuracy of the mecsurcment equipment can be eaeiky 
checked by connectin; e calioreted variable resistor across 














Calculation of Noise Level 
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at the Inout o1 8 v,er Cveus 





Besis from the Meo sured Data. 


A.) 


Be) 


The noise volta:és which were measured were the output 
noise voltazcs in the vess band of the GR 756-A Wave 
Analyzer. in order to refer these voltages to the ines 
circuit, they must be divided by the gain of the stases 
between inout and output. In order to determine the voltag 
for a one cycle band, 2 bendwidth correction factor must 
be applied to corroct for the effect of the bandwidth of 
the measured noise. Tnis bendwidth correction devends 
on the equivalent bandwidth of the measured noise. 
Equivalent bandwidth is defined as follows: 
Boa =[Sr(s)ar 

Gy (midband) 
Where Gq = Voltage Gain 
Since the noise voltage is proportional to the square 
root of the bendwidth, the bandwidth correction factor 
is equel to VB, 

For the GR-736-A, the measured value of Beg equals 

4.16 cos. 

VB... = 2205 


BeW. Corr. Factor = - 6.26 db//'5 


Sample Celculations 
at outvut = 4.0 mv = -48.2 ab//lv; 
Amplifier Gain = -108.3 db//1lv, 


BaWenConmihegtors=saeouswadie// lv. 


) at input = - -162.8 db//lv/per cycle 


Measured OP ®) 


(e 


noise 


It is , of course, very necessary that the amolifier gain 


over the whole band be accurately known. This recuires a 


sevarate resvonse curve for every change in circuit configuration 


or parameter values, as well as frequent checks on the gain 
of the decade amolifiers. 
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A.) Revresentation of Shot Noise in a Triode at Low Fresuencies 
In the frequency renee wnere shot nolse is the major 
component of tube noise, the equivalent circuit of Fig. 15 . 
represents the noise senerstin.; properties of a triode. 
The current source, ins “eprescats the noise current which 
would flow in the olatecircuit if the vlate were short: 
circuted to the cathode. 





¥ 


Fig. 15. Noise Equivalent Fig 16. Noise Equivalent 
J current Source, Voltace Source. 
(3) 


It is descrited by the following eauation: 


S| (*celp Af. 


we = electron charge in coulombs (1.59x107+7) 

[ = a constant devending on the randomness of an electron 
Ip = average nlate current 

Af = bandwidth ; 

i = root mean sauare value of noise current components. 


A more convenient revresentstion is shown in Fis<l6, in 
which the noise current generator in the plate is revleced by 
an equivalent voltage generator in the grid circuit, Cy. 
This voltage generator, e,=1,/6,3 is tne root-mean-sguere 
welue of noise voltage tm the gawid cireult which will predues 
the seme effect as the current seneretor, Ln? in the plate 
carculbte . 

~ In order that the relationshivs between snot noise and 

tne other noise components of 2 cireult may te visuelived more 
rerdily, it 1s conwenvenc To Cxrress ey in terms of an effective 
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resistance which would wroduce an equivalent noise voltece in 
accordance with taeveamets om: 
AKTR R 


O 
ead 
tt 


eff 


The expression for Rare may be derived as follows: 

e. 

~ Rize Af 
err Ae! 
a 

preeel ar 
eff ~ ~ 3 

Eq KTB 


2 = AKTBR 


4 


_ freleat 
_ G, cKTB 


North, ('®) and others, have shown that, for a triode, the 


> ro = e ence 205 
above expression for Rorr Simolifies to; Rore = 


em 


The representation of tube noise as an effective resistance 
Greatly facilitates calculation of the theoretical noise level 
of a circuit. Since statistically indevendent noise voltage 
components add quadratically, the cffective noise resistance 
of the tube, which is vroportional to e,*, may be added directly 
to other resistive noisd comnonents in the grid circuit. This 
method is apolied in the celculetion which followee 

The reader is forewarned the above development is valid | 
only for apolication where the followin: restrictions apply: 

1.) ‘The frequency is low enough thet induced srid noise 

is nesligible. 

2.) The interelectrode canacitances are small enough so- 

that their effects may be neglected. 

3.) Flicker effect noise has been neslected. The flicker 

noise may, however, also be exvressed as an effective 
noise resist2nce in the srid circuit as may be shown 


by a similar derivation, 


The first stare of the pmplifier is shown in Figsl17. 





Cath ode 


: fe llower 


f re ite ee 
eae i] gored 
Beas ‘ v ‘ 









Fig. IT. Basic First Stage Ciecait 





St. 


The total circult noise may be referred to the grid of 
the first tube in the form of an equivalent resistence (Req). 


The noise voltaze may be calculated by the ecuations 
Erms = V4 KTBReq 


oe 107°? (Boltzmann's constant) 


i= 
T = 300° Kelvin (assumed temoerature of 70° F) 
Beq = Bandwidth = lens. 


Req = Total equivalent noise resistance in the grid circuit. 

The first stev is to calculate the total equivalent noise 
resistance in the grid circuit. This noise resistance is 
primarily determined by the shot noise of the first stage 
tube, and the noise voltege in the plate and cathode resistance 
of the first stage. 

Noise voltages from succeeding stages may be neglected 
since, by referring them to the first stase grid, they are 
attenuated by the voltage gain of the intermediate stazes, 
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1.) Reduced Shot Effect Noise of First Staze Triode 


a 


—7n 5000 x 107 


23) Noise Voltaze in the Plate Circuit 
The noise components vresent in the vlate circuit 
are Rj» R 0? and the tube noise of the ventode in 
the second stasee The equivalent noise resistence 
present from grid to ground of the second stage is 
as follows: 


; _ ro. " 
(Read orig of ve 7 Fore.) pentode + FR a 


R.R 6 2X10°x200x10°% 
Where Ri = Lge = ee = ATK 
262X10 7 


ae far 


oe ic re 


(Boer) pentode = 24K measured) 


(Red.wia of ‘ai 24K + O.AS8K & 24.4 K 
This value must be divided by the square of the first stage 
voltage gain (100), to refer it to the first stage grid. 


14 referred to grid of Vy 100 © = 244 ohms 


3.) Noise Resistance in the cathode circuit 
The noise resistance in the cathode circuit is 
the sum of the two cathode resistances, 





(Re 


Roath .- 500 + 250 = 750 ohms. 


4.) Total Equivelent Noise Resistance 


Total Reae = Rog. + Rolate * Beath. 


Total Rea. = 500 + 244 + 750 = 1494 ohms. 
C.) Gomosrison of Measured end Calculated Levels 
This value of totel ecuivalent noise resistcnce does 
mot include any allowames Tor flicker noise, duc primer, 
to the lack of a satisfactory esuation to describe this 
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noise for sub-miniature tute types. It is rossiLle that flicker 
noise might be sreater in the sub-miniature tute ty»ves than 

in normal size tubes due to the smaller cethode area, 

However, since the vlots of the noise levels of al11 the cir- 
cuits measured started to flatten out at freauencies between 

5 Ke. and 10 Ke, it may be concluded thet the flicker noise 

level is below the level of the sum of the other noise comno- 
nents at the high end of the frequency range. 

Based on this, an effective flicker noise resistance of 400 

ohms is arbitrarily assigned. 

The total equivalent noise resistance, referred to the 
inout grid, is then 1894 ohms. This corresponds to a noise 
voltase: 

(e,) = = 164.2 ab//1 volt per cycle — calculated 


This value is compared with the measured value at 16 Kee The 
highest measurement freouency is selected in order that the 
unvredictable effect of flicker noise may be minimized. 


(e,) =~ 156.8 ab// a vot per cycle = measured 


The discrepancy of 7.4 db between the calculated and 
measured values of noise level anvears rather large. Possible 
causes of this discrevancy are as follows: 

1;) Measurement accuracy limitations due to the extremely 

low levels involved. 

2.) Inexactness of,theoretical value of flicker noise, 

33) Incomplete elimination of external noise sources, 
particularly, battery noise, in the measurement 


' circuit, e.g. battery operated decade amplifiers. 
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Noise Analysis of CGascode Circuit 


, (4. 
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Fig.19, Incremental Recewise Linear E guvelent Cipeud 

The incremental piecewise linear eosuivalent circuit per- 
mits 2 simplified noise analysis of the cascode circuit in the 
frequency ranse of interest. The noise comvonents present in 
the circuit moy be defined as follows: . 
a Total noise voltae in the srid to cathode circuit of 

Vy» consistin= of the tube noise of Vy and the thermal 

axzitation noise of Rie 
eno7 Effective tube noise volta,;e of Voe 


oT Noise voltasse due to the tube noise of the succeeding 


stage ond the thermal noise of Ry, and Roe 


The total equivalent noise level present at the csrid of 
Vy may be calculated es follows: 





= 8 8 
On peroumed to inout™ a ae c 





SS: 


| C 
where Gy oe 8, 


U5 = 


To famad G. ¢ 





+ roy + (uy +1) Ra Usr 4 + uy, R, (u,+1) 


-i_R, -u, (u5t1) FR, 


ia Ls ee Cap 
al en Uti rod + r “+ Ry a uyFl untl Re 











To find G3 
| e, 
oc. = for e = 40 
2 n2 nl 
-i_ R 
Gr =< oye 
ne 
i 
0 
Ms 
i Yoeno 
“Tt Pot (ujtl) BR + R ma. (ierl) ae 
p Po f 50 7 1 ae + Ry + Uy rol 4 Uy y+ Rie 
Usenoe 


fp (alr. +r, nh a) aes. = =2=)C 
p Untl Pol “p Pye Ry +f Untl uytl bus 


q Ee 7 Unety 


2 e,o  fugtl) i Ustl) Cu, +1) Rye 
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\7 
to Pind -* : (the factor by which the tube noise of V, is 
5 reduced when rererred to the grid of Vy ¢) 
-u, (ugtl) R, : 
— ore eo uy +d 
3) = il i Eile i iri 
G, "a 
Gary iS 
a a as ia RB i OS aM) 
u, (unl) 
G, - a, 


Thus, the effect of the noise voltaze of Vo is reduced 
anporoximately by the factor , The noise voltae due to the 
ventode stage is reduced by the factor Gy when referred to 
the input grids These, reduction factors are sufficiently 
largze to make the total equivalent input noise level, refemimed 
to the innut, essentially equal to env? the noise level of the 
lower triode staze. 
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Determination of Relationshiv Eetween Inout Circuit Noise 





Voltare and Freauenc 


Resvonse for the General Case of an 


Innut Trensformer witha Caneacitive Source Imvedence, 





Ae 


Noise Relationshins 


The noise voltaze apnvearing, at any two terminals 
in a network may be calculated by the following 


expression: 
(cog) P= 4KTB, R(t) 
wheme W = Boltztann’s Constant = 1.37 x 107©? 
T = Temperature, desrees Kelvin = 300° 
(assumed) 
Bay = Equivalent Bandwidth = 1 cps 


R(f)= Real Part of Invut Impedance 
Thus, the calculation of noise voltage becomes 
essentially a calculation of the real part of the 
imvedance seen across the two terminals. 
The eauivalent circuit of on in~-ut transformer 
with a cavacitive source imnedance may be revresen- 


ted as follows: 





Fige 20 
C4 = Source Canacitance 
Ry = Series damping R 
Re, = Shunt damping R 
Re = Secondary Resistance referred to primary 
(assumed neglizible) 
Ly = Pring, LL 
L,, = Leakase L referred to primary 
C, = Shunt and Dist. G. referred to primary 
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Re {Zna\ = R, + Re {Z555\ 


L., is usually small enough to be neglected et 
low frequencies. With L, = 0 (low freq. ) 


: RpL, 6 
BB L.¢,.$2 
L,5 + R, + Ro 1°%2 
_ 8 aa 
— Zep = ort 5°) *-L 5 
2 1%2 1 
For 8 = jo, 
2,.8 
nis \Z5pf = ee 650 + La 
gii-iy Ss i 
Thus _at Low Frequencies 
RL. ®w* 
e® = AKT |R, + el | 
Rol1-b 0, + Lo (Eon. 1) 


At higher frequencies, Ly (primary inductance) may usually 
be neglected. The circuit thus reduces to the following: 


A Cy k, 
C2 





ee... a 
, wails . 
—_ Ro (LS + C8 | J R,(L6,8 + 1) 
BB Ry +: L,8 + = R,055 + L058 +1 
2 
2 8 
Re {Ze} = m2 ak : —— G_8)* =—73 csp 
[ho°5 ] ao ao 
(L,¢,8* + 1) 
For 5 = jw R 
Re 42 = = 
[25 ~ R5050 
L+ 
(T=E3cRae 
Thus at hizh frequencies: 
R 
Boe 2 (Eqn. 2) 
Cc — 1Nle 
n = AKT my . oo 


T-L.G.w%)*~ 
(1 LC, 





Do 


The ecustions (1) and (2) show that the inout circuit 
noise is determined as an exnlicit function of all the circuit 
varameters except 0,. These circuit parameters are uniquely 
determined by the svecification of the frequency resvonse re- 
quired and the source cavacitance, Cy. In this manner, Cy 
and the freauency resnonse, once prescriized, determine the 
innut noise level of the circuite We now attempt to corre- 
late the circuit parameters from the svecified freauency 
resoonse and source capacitance. | 
B.) Frequency Resnonse Relationships | 

1. Determination of the transfer function of the 


equivalent circuit. 











2. = Lom = 4 = 4 
eq” BB 1 +1 + Jj ~ es eee C48 
See 22) ae fo |? Teed 
C8 22 


8 
R,L,5 (L,C,8 +1) 





1. 

Lan = 2 

BB LS (L,0,5" + 1) + RA(L,0,8°+1) + RoL,0,8 

u dl 
a 
=__ 2pplba08%+1) : C, 52... (L,655" + 1) 
a! CG 

di 

Let denominator of Z., = D 


BB 
3 e . 
6, RL 5 (LCS + 1) 


1 
H (s) = TH -r. L,R,8" [L ea 7 ; 
Oo? a 


D 








60. 


H(s)  C,R,L,s* 


eh 
D+ it, 0, 5D - RC, 1,5 L505 A) 
DeDenoninator of as | 
ee a 38 v Go fal L az 
= Lj + L058 +L,8 + Boaden + Ro + Rob,0,5 


S°(L,L56,)+ $9 (RLC5+RoL, Cp) + L,S4R 


2 


Denominator of H(s) =D + Ry 04 SD + RoC, L,L,6,5% + R50, L,5* 


Denominator of H(s): 
_ = 3 ‘a8 
- § (Ty T6548 ReGp (Ty +hy)+1,8 R, 


+R,L C.L.S8+R_RG_§ 


4 a 3 
+ S* BCL Lo05+8°R, 0) (Rol gC y+RolyCp) +Ry Cy 1) $*+R) RC, 


lL i-te2e2 i) 


4: R 
+ S°RAC poy toG othe 1415 | 


Denominator of H(s): 
_ Mbine — 
= 5 (Ry 0 Dy BaG 5 tR5G gly bas? = 6 (Ry +R IL, 011,05 


3 ao 3 
+ 8° [L)LC5+R,0 (Roligl o+RoL,C5)] = 5 (1, L5C 5+ Ry Oy Ro0p(Ly thy) 


‘ S| : : ~~ as ir 
+ 5 [R50 2 ( L, +L, ) +R C why +hAC oh} =e [0 D ( Lj +L, ag phy thee | 


+ § (L, +R RAC, ) 


S (Ly +R) RoC) ) 


+ R R 


2 — "2 
Dividins numerator and denominator of H(s) by the 
coefficient of S*, we get* 
rs wel 2 = £& 
Numerator of ae) = RjL,0,5 = R,§ 


ae Po ey R.+R,)L-C, 
(Ry tho) Ly Chat, (Ry #Ro)LoC, 


Denominator of H(s) = 


ia - §* - 5* i 
3 ; 4 i 3 2 
+8 [LLC p+R,C,F05(L, +L) _ 8° L LotR RC, (L,+hy) 
~ LiaGepn@mtn +it,) 
L, Canam Ry 7B) L553 Ry #R) 
8 ft . = eG : 
+S [RoC 5 (Ly thy) +R, 6,1, +RQ04L,]= S* RA0,(L,+L5)+R,C,L,+R,0,L, 
“cain. )  # — -  L.p2¢.¢.(kh. +R.) > on 
boy aes ae L, L506, Ry +R) 


rt S(L,+R RC, ) + R 


2 
ToC heen) Da 6 Cm eee) 
Ly dpG Co (Ry HR, Ly L071 Cg (Ry ths 
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+L, 6, (4 4]X 


ee 





(oe ror taal 
+ iS) Dj +h R50, + Re 


L bea te 
Lb, 2° 1Fo ay Lj la040, gs 
2.) CGorreletion of Transfer Function with svecified 
Freq. Resnonse. 
If we assume the fredauency -resvonse to be snecified 
as shown in Fis;s,. él. 


S i é 
ga INS = TE, tore 
f 12 Abfctove s i 
j 
I | 


Wa 


Fig Zi). Typiear Response 






Y.ltage 
Gain 
Cy) 


the transfer function must be of tne Topm: 
ci 
H(s) =X 


S 3 =. ae 2 
S+05 S+w ~ “S420, 840, 7] [B*+20 S+a ty) 


2 2 2 





io 2Z ee a 
Correlaticn tetween the transfer function of the 

transformer circuit with the svecified transfer function 
may be obtained by eauatin'; the coefficients of like 
yowers of S in the denominators of Equations (3) and (4). 

There will result four simultaneous equations, each 
Seuation Geecrivlo. 4 Censurern, on Lic values of the depen- 
Mest verialies, (Ry> Ros Sn; L, ) These are? 


Bo beth R05 ee = ere (on 5) 
Bee a | 
Ki J L % — 8 d B 

20 p (Iq the )+L1C, (Ry +R) Fig ee (Zen 6) 





uy byG 4 Cn (Ry tRy 
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i ai QWin@y “+204 05" (1 ) 
pa yYalhy the gn. % 


Ro 


ee 
Ww. *u) (ene 8 } 
L,150,6.5(R, +R5) lai 


I:: this set of four esuations, the i:denendent 
variebles are @), 5, and 6). L, (leakage inductance) 


is « function of the »rimary inductence and may be 
related to it by a constant, depending on the tyne of 
winding and method of construction. — 

If we sce@@ry the turns ratio, O53 Wx and Cy: 


these four ecuations ere solvable for the values of 
Ry» Ro» Ly; and C56 substitution of these values into 


the thermal noise voltege eauations (1) and (2), will 
determine the srectrum noise level resultins from e 
specified frequency response and source canracitence. 
Commerison of this level with the reouired level at the 
critical frecuency will indierte whether or not it is 
vossiple to determine the frecuency resnonse in the 
transformer circuit. 
Simclified Case 

While the above nrocedure is theoreticrlly possible, 
the solution of the four simulteneous e~uations is not 
ensily accomplisked tecause of tneir non-lineerrity. 
Because of the lator involved, this method may be 
imorecticable in actual use. Ii certain cases where 
Sim-lifyine assumstions are justified, however, a auick 
eporoximsate solution may be obtained. | 

If we assume the following: 

On 7 oy 


Ry Ry 


OG. 27 © 


ai 4 
the low frequency esuivalent cireuit is cs shown in Fig,22 
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Fig. 2h 


The transfer function H(s), becomes: 


u(a) = yn ae SF 
2/0= CL: ~~ + ee ak 


RSS, L 





The denominator factors into: 





S=- “ Ss mio - 
2RA0, RoC, L,05 


Critical damping will achieve the desired low frequency 





response. 
For crities. damning: 
of oe = RGF 
Tie 2 
Then Ly - = and R, = = (Eqn. 9) 
@5 Gy 20,05 


The high frecuency ecuivalent circuit simplifies to 
taat of Fig. 293 ® 


Vy 0007 -- 

f A, his | S 
Gr ae 7s 
J — 

Fig. 23, 


We further assume iciqucl? L, is a known function of L, 


(de -endinz on trensformer construction) and is then 





Of. 


determined once L, hes been determined. 


\ 


The transfer function: 1 
| ee 





. £07 2-2 
Hie) = "SO =. Pee Po 
c LW a 
2 
For critical damning: 
Py 
oe bs —— 
2 LC, AL,” - 
- - 1 
and R, = 2w5L, and Cy = rm (Eqn. 10) 


This nresents a racid means of avvroximating 
Ry» Ro» Ly» and C., for svecified values of 5» Do» and 


Ci: Substitution of these velues as given by equations 


(9) and (10) into eouations (1) and (2) will yield the 
theoretical value of noise level of the input transformer. 
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Output Filter Investigation 


In attemotins to share the high end freauency 
resvonse in the transformer circuit (see Apvendix vage 3T.), 
two disadventeses result. Rj» the series damoin®’ resister, 
contributes noise:at all fresuencies, and Cos the added 
shunt C necessary to move the resonant veak down to 20 kc. 
constitutes, with source capacitance C,, a voltese divider 
which lowers transformer gain. The circuit is given in 





Fige Ll. | 1329 
G,= R= 
san en ee) 
Pre: 
SOURCE | : 
Fig. 1 
The transformer parameters, referred to the vrimary 
are ¢ 
‘L,, Leakage Inductance = 4 mh 


Lj, Primary Inductence = 0.46 


R, Primary end Secondary= 53.4 ohms 
resistance 
CG, Secondary distributed 
shunt G = .0025 uf 
3 
Transformer Equivalent Circuit 
If we remove R, and Ons we heave the circuit shown 


[AN F971 
R; EC Lie 4h. 
17.4 2. disr. C = 


Ca Ree” 
| QO2Z5 pf 
pe L pe = .46 h. 


1 ae 


All parcmeter values referred to vorimary 


Fi:. 2 Trensformer Enuivelent Circuit. 
Page 69 3, Appendix, shows the frequency resnonse 
of this circuit.(Curve A ). 











Ca 
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At hish frecuencies, the resonant »nesk occurs | 
nt 50 kee If we assume thet et high freruencies the 
nrimery inductance, L,» becomes an open circuit, and the 
source capacitance Cy becomes a short circuit, the ocuiv- 
alent circuit simolYries Ga gic one Given 11 Figures. 


PSMA maT 
| Rls, we Misah. f 
e he CG? e 


G =.0025 pf. | ; 






Fis. 5. High frequency transformer esuivelent 


| circuit. 
The transfer function of this circuit is’ 
‘ ii i 
— = _ GS a = LG 
SL ci eT S's ES ea~CCCEon 1) 
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The roots of the denominator are $ 
R il. 2 
55 =a =] > i 
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and revresents a conjugate vole »nair on the 
-comnlex frecuency (S) vlane. The location of these 
poles is estrevlished as follows: 


}.. = =| 9 oe 10° rad./sece 


rh i et oe 
JLC We 1 


a an. =o 10° = 50.5 ke, asreeirng closely 
Ott yas | 





with the observed resonant peak ot 50 ke. (Appendix pg.69a) 
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fherefore,®,% 0, = Dull6 X 10? rad/sece, and the 


poles oceur at S=-dtjo, = ~6:67 X 10° + 33.16 X 10° 
They are shown victoriolly in Fig. 4. 

x} ye 
S = (-.0667+j 3.16) 10° A S-Plane 
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Fig. 4. Pole-Zero Pattern of Trensformer at High 
Frequencies. 


For the required frequency resnonse breaking at 
20 ke, and falling off at a medion slope of 12 db/octave, 
we need a double-order real axis nole as shown in Pig. 5. 
. je 
double order 
Pore at 


S = Inox Ke) °) 





S-Plane 


Fig. 5 Desired High Freasuency Pole Zero Pattern. 


Desizn of the Output Filter 

The purpose of the output filter, when cascoded 
with the transformer, is to chense the vole-zero vattern 
from thet of Fig. 4 to that of Pig. 5, thus eliminating 
the resonant peak and giving the desired roll-off. 
With respect to frevuency resnonse, the input trensformer 
and the output filter are in cascade since the pre- 
amplifier itself hes a rerfectly flat response to well 
above the frequencies of interest. 

In viiew of Lhe mini@turizetion reovllgement, a 
Simple filter confit.uration must be used. 
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The one selected is shown in Fig. 6. 


PRE-AMP 
OUTPUT 





Fige 6. Output Filter Configuration 


The filter transfer function is3 






ai i hh 
Go _ _CS5S = LG 
ee) Sa =- Soc. 
ej ik S® + BS+l 
Gs t LS + R L G 
uF i. 
Co (S+ jFe) (S- pre) 
H(s) = of = 


a, 8M) 
i ca (z)") * 


Where the numerator factors rerresent zeros of 
H(s) and denominator fectors ere poles of H(s). 

To obtain the pole~-zero ~attern of Fis. 5, the 
filter parameters must simultaneously meet three 





eL 


requirements, as follows: 


As _1 = 50 kex(2nr) to »rovide series resonance 
and moximum attenuation at 

50 ke. to counterect the tronsformer resonant peak 

at this frequency. ) 

B. _R_ = 20 kex(2r) to establish the uvver break 


eL frequency at 20 ke. 
C. gap = _R to make the radical terms 
ate el zero ond thus avoid a 


conjugate pole volr due to the filtvermand civing 

rise to enother resonence. 

These three revulirenents cennot all be met with 
2 Simole R-L-C network. The ennroach is therefore first 
to cancel (cs nearly as vossible) the transformer poles 
which nroduce tre hijsh end veak, by the zeros of the 
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filter. Since we cannot acnieve tho desired double order 
real-axis pole, we may set a suitable roll-off in the 
neighborhood of 20 ke. by allowing; these voles to solit 
apart, keepin:; one near its 0 value for 20 kc, and letting 
the other go to a much higher 0 value. In doing this, we 
are takin: advantase of the latitude of the specified 
resnonse curve, 1.0., roll-off between -6 and -18 db/octave 
(Aopendix og. 69a., Curve B.) 

Followins; this reasoninz, the value of L and © 
are determined by the 50 ke. resonant frequency and R is 
selected to give slight overdamping. (rather than the desired, 
but fot obtadingtie, Sriticc! Cameing). Jhe reanitcn. 


4.1 


sO0le-zero ocattern of the filter, suvcreimposed of the 


a 
Md 
x FILTER ZERO 


Ss jf 3.06% 107 









transformer pattern is given in Fig. 7. 
TRANSFORMER Goce 


a7 






Ss 
S =-9.97%10 S2-].03x 10% 
( FILTER Pore) (FILTER PoLe) 
FILTER RERO 


wv Ss-J 4,06 x10” 


TRANSFORMER POLE 
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Fig. 7 - Combined vole-zero pattern of transformer 
and output filter. 
The resultins frezuency res‘onse 1s shown on Curve C, 
Avpendix pg.69a. It is seen to lie within the snecified 
limits. | 
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SYMEOLS 


Equivalent Bandwidth 

Incremental voliage 

Electron charge (1.59 X 10719) coulcombs) 
Noise voltase (root mean square value) 
Voltage Gain | 
Transconductance 

Transfer Function relating output voltage 
to inout voltage 

Noise current (root mean square value) 
y-1 

Boltzmann's Constant (1.37 X 107°? Joules 
per degree Kelvin) 

Dynamic plate resistance 

Complex operator of form 6 + jw 
Temnerature (degrees Kelvin) 

Impedance | 

Freauency (radians oer second) 
Amplification factor 
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